Abstract-An optically driven microrotator is proposed for fluidic mixing in future micrototal analysis systems ( -TAS). The rotation mechanism, optical torque and microflow around the rotator are analyzed, and the rotator is fabricatied both by photolithography and photoforming methods. The microflow fields generated by the optical rotation are then experimentally visualized by both tracer and optical methods, and the velocity vectors and flux amount around the rotator are analyzed for the evaluation of the mixing performance of the microfluids.
I. INTRODUCTION
O PTICAL tweezers have been successfully utilized in various scientific and engineering fields such as biology, microchemistry, physics, optics, and micromechanics [1] . The ability to rotate microobjects offers important applications in optical MEMS and biotechnology. This article describes an optical rotator design, fabrication, and evaluation to increase the mixing performance of microliquids for future fluidic applications such as micrototal analysis systems ( -TAS) [2] . The rotator will be used as a mixer in a labs-on-a-chip shown in Fig. 1 . The chip will have components such as inlets for the sample and reagent loading, microfabricated fluidic channels with a mixing chamber and an analyzing chamber, a detector for the reaction products, and outlets for sample waste. The analyte specimen and the reagents will be actuated by pressure force using syringe pumps.
Due to the small Reynolds number, micromixing devices are fabricated to increase the contact area to promote the diffusion effect by interweaving the two fluids. This interweaving has been done by structure geometry in a channel such as micronozzle arrays [3] and intersecting channels [4] which induce chaotic behavior [5] of a flow. These mixers have been characterized as static devices. On the other hand, an active silicon micromixer with a thin piezoelectrically actuated membrane [6] to generate a strong lateral acoustic thrust in a liquid has been Manuscript received July 9, 2001 ; revised December 13, 2001 . This work was supported in part by the Proposed Based New Industry Creative Type Technology Research and Development Promotion Program from the New Energy and Industrial Technology Development Organization (NEDO) of Japan.
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Publisher Item Identifier S 1077-260X(02)02225-6. Fig. 1 . Concept of an optical mixer which will be used in future labs-on-a-chip. The chip will have components such as inlets, fluidic channels with a mixing chamber, a detector and outlets.
presented. We now propose another type of active method to stir a liquid by an optically driven microrotator. In the design, three-dimensional (3-D) rotator shapes are analyzed based on the optical torque using a ray optics model and the flow field around the rotator is analyzed using computational fluid dynamics (CFD) by the finite volume method. For the fabrication, two methods are employed; conventional photolithography [7] and microphotoforming [8] . A new apparatus employing a spinner is developed to form a very thin laminated layer for the latter method [9] . Shuttlecock rotators of 30 m in diameter are made from visible light-curable resin using an optical head for a DVD.
In the evaluation, the microflow fields generated by the optical rotator are analyzed through visualized images obtained using a newly constructed evaluation system [10] . For the visualization, we use two improved methods. One is the tracer method in which we trace many particles suspended in the medium. The other is an optical method in which we observe medium density variation [11] . By comparing the two methods, we confirmed that the optical method is appropriate to visualize the total liquid flow behavior.
We analyzed the microliquid velocity vectors and flux amount around the rotators as an index of the agitation. Through the analysis, we confirmed both the rotator shape and the rotation velocity affect on the microliquid flow and that the fluid motion expands to twice or three times the rotator diameter even on a microscale. Fig. 2 shows the optical rotation principle of a shuttlecock type rotator which has no bilateral symmetry in the horizontal cross section [12] , [13] . In the left figure, when the incident laser light is refracted at the top surface, the momentum changes and an upward optical pressure force is exerted, which leads to lifting the rotator. An optical pressure force is also exerted when the laser light is emitted from the side surfaces. We considered the three side surfaces I, II, and III of one particular wing. The optical pressure force is exerted on the side surfaces I and II, but not on side surface III, because surface III is parallel to the radial direction and does not refract the light. When the light is emitted from side surface II, it does not contribute to the torque because its direction is radial. Therefore, the torque, which rotates the rotator counterclockwise comes from only the optical pressure force on side surface I.
II. DESIGN OF THE SHUTTLECOCK OPTICAL ROTATOR

A. Optical Torque
The right figure shows the ray tracing to simulate the torque for the rotator illuminated with a focused beam. We traced the rays until they hit the bottom surface. The beam was divided into about 2500 equal area segments on the aperture. We considered a ray incidence on the lens and estimated the torque at the point on side surface . The radius is expressed as (1) where is the wing width. The optical torque at is,
The total optical torque exerted on the four wing surfaces is (3) where is the shuttlecock diameter, and and are the minimum and maximum distances from the optical axis, respectively. They are given as and , where and are the objective lens numerical aperture and surrounding medium refractive index, respectively. Fig. 3 shows the simulated result for the rotator height 5.0 m, the diameter 15 m, the wing width 2.5 m, and beam profiles as parameters, where the refractive index and . The optical torque is linearly proportional to the input power and a high torque can be obtained by a donut beam profile, since it has a strong intensity at the outer part of the aperture [14] . The rotation speed is determined by balancing the optical torque with the drag force of the rotator. Furthermore, the speed becomes high as the increases, because the large divergence angle increases the amount of light emitted from the side.
B. Microflow Around the Rotator
To evaluate the performance of the liquid mixing in microscale systems, the microflow around the rotator was investigated as shown in Fig. 4 using a fluid flow solver [15] .
The simulation was performed in a 3-D geometry with a commercial computational fluid dynamics tool (CFX-4, AEA Corp.). The control volume is a cube, each domain has a set of discretized equations that are formulated by evaluating and integrating the fluxes across the faces of the volume to satisfy the conservation (4) and (5), where is the fluid velocity is the velocity of the sliding mesh, is the time, is the pressure, and is the kinematic viscosity [16] .
(4) To discretize (4) and (5), the finite volume method is used. The solver runs through a number of iterations trying to minimize the overall change in selected parameters from one iteration to another. We obtained the pressure and velocity for each volume.
The stream lines (Fig. 5 ) and the velocity vectors (Fig. 6 ) in the proximity of the rotator after 2 s at the speed of 50 rpm were analyzed for the same rotator described above. The Reynolds number ( ) equals 10 . From both figures, we confirmed that the velocity increases close to the rotator and the flow goes both outward and upward, which promote fluid mixing.
III. FABRICATION OF THE SHUTTLECOCK OPTICAL ROTATOR
Besides the specially fabricated rotator, the controlled rotation of trapped particles in an interference pattern between a Laguerre-Gaussian beam and a plane wave was recently reported [17] , but it will not be widely applicable because of its complicated set up. We fabricated shuttlecock optical rotators by both photolithography and microphotoforming. Fig. 7 shows the two-dimansional (2-D) photoresist rotators with 30-, 20-, and 10-m diameters fabricated by conventional photolithography [6] . We released the rotator into the laser trap environment by etching the aluminum under the resist. In order to promote the optical torque, the rotator should have a 3-D structure with slopes on its upper surface [14] . The photoforming method can be used to fabricate 3-D microstructures. Nevertheless, the already proposed microphotoforming apparatus is large and requires a special laser beam (ultrashortpulsed near-infrared Ti : sapphire) or special resin (two-photonabsorbed urethane material) [18] .
We have developed a desk top microphotoforming apparatus using a DVD optical head and a visible light-curable resin (DF-200N, Nippon Kayaku Corp.), both commercially available. Since the microstructure is obtained by scanning a focused laser beam to solidify the contour of a liquid photopolymer, the resolution is determined by the laser beam intensity distribution and the absorption of light within the polymer. To decrease the solidified depth, a thin resin film was made by a spinner as shown in Fig. 8 . 
IV. EVALUATION OF THE SHUTTLECOCK OPTICAL ROTATOR
A. Visualization of the Microflow
During the evaluation, the microflows generated by the optical rotators were analyzed. Fig. 10 shows an experimental setup to trap and rotate microobjects with an upward-directed YAG laser beam and to visualize the microflow with different angle illuminations using a high-speed camera. The rotator in the medium inside the coverslip chamber was stably held at the focal point of the objective lens. Arbitrary-shaped glass particles (density: 2.54 g/m , index of refraction: 1.51) ranging from 5 to 15 m, and the photoresist shuttlecock rotators (density: 1.16 g/m , index of refraction: 1.5) of 10 to 30 m were used in the experiment. They are transparent to the YAG laser wavelength of 1.06 m, which avoids optical damage.
In order to visualize the flow field in the proximity of the optical rotator, the following two methods were used. One is the tracer method based on a pathline; various tracers with a diam- eter of 1 m were suspended in the glycerol solution and the pathlines were obtained as the tracer movement through successive digital images. The other is the optical method based on medium density variation; various colloids suspended in glycerol solution were illuminated at a grazing angle and the scattered light was observed.
Tracers added to mark the flow included polystyrene, glass, gold, aluminum oxide, diamond, tooth powder, pigment, a shape colloid and a milk fat colloid. Some of them are shown in Fig. 11 . The polystyrene and glass are spheres, but the gold and aluminum had no definitive shapes. The particles were dispersed in water with a surface active agent, but the gold and aluminum were condensed due to the electrostatic force.
The requirements for the tracers used with an optical rotator are: 1) their sizes must be small (less than 1 m in this case) and sufficiently dense; 2) the tracers should be prevented from undergoing Brownian motion; and 3) the tracers should not be affected by optical pressure. Condition 1 is derived from an optical rotator size of about 10 m, and condition 2 is satisfied by using glycerol to increase the medium viscosity. Since high density glycerol affects the rotator motion, heavy glass beads are adequate for the tracer. Furthermore, particles such as polystyrene, glass, and milk fat colloid were not significantly affected by the optical pressure, but metallic particles such as gold and aluminum oxide were expelled from the laser focal point as shown in Fig. 12 . Table I compares the evaluation results of the visualized images for a number of different kinds of tracer and medium combinations. The symbol indicates excellent, good and poor, which suggests that 1 m diameter glass beads and milk fat colloid are adequate for the microflow visualization. Fig. 13 shows the analyzed results of the microflow. The left figure shows the tracer method for the 1-m glass beads in 30% glycerol solution. We recorded a 2.3-s motion (71 frames) through a high speed camera. The resolution was 640 240 dots 8 bits per frame. The velocity and the direction of each bead #1 through #6 was traced as the pathlines in the figure. From the figure, the following interesting characteristics of the microflow are recognized: 1) the flows are large for tracers #2, #3, and #4, very close at the rotator but small for #1, #5, and #6, at very distant locations and 2) the flows expand to twice or three times the rotator diameter. Fig. 14 shows the variation in the tracer velocity due to the rotator and the Brownian motion. The microflow and the diffusion effect will promote the stirring or mixing in the microscale systems. Fig. 15 shows the analyzed velocity vectors around the rotator by the optical method for (a) a broken glass particle and (b) a shuttlecock rotator. The oblique illumination increases the image contrast, because only the scattered light was observed. We can see the microflow around the rotators. We can also recognize the microflow entering at the lower right in the left figure. Compared to the tracer method, this optical method can easily obtain the whole image of the microflow. We will then analyze the microflow by using the visualized images obtained from the optical method.
B. Microflow Analysis
These flow field analyzes can be done by the fast pattern tracking algorithm based on the correlation between the density variation patterns (Flow-vec32, Library Corp.). Table II summarizes the relationship between the rotation angle, flux amount, and reliability for the broken glass rotator at 56 rpm. The rota- tion angle per frame is 11.2 . The flux amount is defined here as the total sum of the absolute in the visualized images, ranging 50 m (lateral size) and 38 m (perpendicular size), where is the velocity vector. Reliability means the pattern tracking accuracy for the density variation. From this table, the reliability becomes more than 95% for the analysis between the successive frame but less than 80% for a thinned-out operation. This means that the density variation pattern is kept within one frame (33 ms), but the pattern will be destroyed after two frames which leads to a low correlation (reliability). Fig. 16 shows the effect of the rotator shape and rotation rate on the flux amount, where the radiation power is 150 mW. The rotation rate is measured by the temporal variation in the scattered light from the rotating particle [19] . The flux amount be- comes larger for rotators #1, #2, and #3 (triangular like shape) compared to rotator #4 (square like shape) because the former rotators contact large liquid area. We also observed that the higher the rotation rate, the larger the flux amount. These results show that both the rotator shape and the rotation rate affect the flux amount. Fig. 17 shows the relationship between the rotation rate and laser power for a 10 m diameter shuttlecock optical rotator. The rotation rate is linearly proportional to the laser power. The flux amount generated by the shuttlecock optical rotator is shown in Fig. 18 with the rotation rate as a parameter. We can see that the microflow expands as the rotation rate increases, which corresponds to the result obtained by Fig. 16 .
C. Effect of the Rotator Shape and Rotation Rate
V. CONCLUSION
In microscale systems, the Reynolds number is so small (less than one), that the flow adopts a laminar profile. In order to promote a convective mixing performance, a shuttlecock optical rotator, which rotates in fluids and is capable of stirring the fluid around it, is proposed and the following basic technologies are confirmed 1) rotator shape design by analyzing the optical torque using a ray optics model, 2) microflow analysis around the rotator using a CFD method, Fig. 18 . Flux amount generated by the shuttlecock optical rotator, the rotation rate as a parameter.
3) rotator fabrication both by photolithography using a photoresist and microphotoforming with a visible light-curable resin, 4) flow visualization using milk fat colloid in glycerol solution with grazing angle illumination, 5) pathline and velocity vector analysis close to the rotator, and 6) flow field and flux amount analyzes around the rotator. It is recognized that the fluidic velocity vector appears within two to three times the rotator diameter in the plane perpendicular to the rotation axes, and the flow goes not only outward, but also upward which promotes the convective mixing performance. The remotely driven, friction-free, and self-aligned characteristics are advantages of the optical pressure rotation. It requires no mechanical connection to a battery and works even in the presence of electromagnetic noise.
These kinds of microliquid stirrings generated by the optical rotator could be of much help in the construction of miniaturized fluidic mix devices in the future.
